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EXECUTIVE SUMMARY

The ongoing deterioration of highwayidges in Colorado dictates that an effective method for
allocating limited management resources be developed. In order to predict bridge deterioration in
advance, mechanistinodels, which analyze the physical processes causing deteriogation,
capableof supplementing purely statistical models and addressing limitations associated with
bridge inspection data and statistical methods. A review of existing analytical models in the
literature was conducted. Due to its prevalence throughout the stateocdidtoand frequent

need for repair, corrosieinduced cracking of reinforced concrete (RC) decks was selected as

the mode of deterioration for further study. A mechanistic model was developed to predict
corrosion and concrete cracking as a function of nat@nd environmental inputs. The model

was modified to include the effects of epecgated rebar, waterproofing membranes, asphalt
overlays, joint deterioration, and deck maintenance. Probabilistic inputs were applied to simulate
inherent randomness assated with deterioratiarModel results showed that mechanistic

models may be able to address limitations of statistical models and provide a more accurate and
precise prediction of bridge degradation in advaRceventivemaintenance may provide longer
bridge deck service life with fewer total maintenance actions than current methods. However,
experimental study of specific deterioration processes and additional data collection are needed
to validate model predictions. Maintenance histories of existiligds are necessaiigr

predicting bridge deterioration and improving bridge desigd management in the future.
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1. INTRODUCTION

1.1 Background

Bridge construction and maintenance atbstantial components of asset management for
transportation departments throughout the United States. According to the ASCE 2013
Infrastructure Report Card, roughly $12.8 billion is spent on bridge care annually in thand.S.
near |l y 25 %sloitigesale structuaatlyideficiedt or functionally obsolete (ASCE 2013).
TheSt at e of Coloradobés bridges are in better
Colorado bridges listed in the 2015 National Bridge Inventory (NBI), 521 (~6%)ractustlly
deficient (SD) and 851 (~10%) are functionally obsolete (F©2009, the state established the
Colorado Bridge Enterprise (CBE), a government owned business thighGolorado Department
of TransportatiofCDOT), to address the worst bridgesthe state; those classified as SD or FO
and ratedn poor condition As of 2015,0f thel92 bridges deemed eligible for CBE fund20
had already been repaired, reconstructedeplaced.

While Colorado has taken specific steps to address the wadsfes in the state, the fact
remains that, in Colorado and nationally, funding for repair and maintenance of bridges is limited,
and current funding levels are not adequate to keep up with continued aging and degradation of
bridges. Two strategiesareaav | abl e t o i mprove the condition
One, the current level of federal (or state) funding for bridge maintenance could be increased. And
two, the available funds could be used more efficiently, by altering the timingsobirce
allocation. While a combination of these strategies is likely necessary, this report focuses primarily

on bridge asset management and strategy number two.

Bridge asset management starts with inspection. Modern bridge data collection, as mandated at
the federal level by FHWA guidelines, requires bridge owners to record the condition of each
bridge component during inspection. The deck, superstructure, and substructure must all receive
ratings such that the bridge can be modeled as a combinatioracdteeplements rather than as a
single entity. Further, existing asset management software such as AASHTO Bridgewaresonsider
more discrete components such as girders, joints, piers, and the deck itself. Subjective ratings
applied to these elements dwiwisual inspections are the primary data available to bridge

managers.
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Although national standards are implemented for bridge inspection, management decisions are
ultimately deferred to individual state transportation departments. One advantage of making
management decisions at the state level is the ability to tailor bridge management practices to the
specific needs of bridges in different regions. These bridges may be experiencing varying degrees
of deterioration over time, especially those with differenvironmental conditions or traffic
volumes. Deterioration modeling can improve the efficiency of maintenance funding allocations
by predicting the rate at which certain bridge components will deteriorateyiimtdetter models
the localized factorsan be included in predicted levels of degradationfdBgcastinghow and
when a bridge will degrade, bridge maintenance can be planned in advance, and unnecessary

maintenance can be avoided.

To assist bridge managers with decisions regarding bridgeanaimce and repair, two general
approaches to deterioration modeling have been developed: statistidels thatire based on
visual inspection rating history, and mechanistiodels thatire based on physical deterioration
mechanisms. Although both modgfpes share the goal of predicting bridge deterioration in
advance, they operate under different assumptions and require different inputs. Statistical models
such as a Markov chain or Weibull distribution rely on past data from biannual visual inspections
to predict future deterioration. Alternatively, mechanistic models attempt to predict the condition
of a bridge by analytically describing the physical mechanisms causing deterioration. They use
environmental and other physical data such as concretparaxeters as inputs to predict how a
bridge element will degrade over time. The complicated nature of multiple deterioration

mechanisms presents a challenge for creating accurate mechanistic models.

In the absence of accurate mechanistic models, maryd&partments of transportation choose
to implement a statistical model that uses historical bridge data to predict future conditions.
However, this approach is very dependent on the quality and availability of data, and it can be very
difficult to colled enough data to develop accurate deterioration models for different conditions.
For example, to collect enough data to develop a full deterioration model, bridges of similar type
(e.g. steel girder with a concrete deck) might be lumped together inla setgeven though
individual bridges might have very different service environments in terms of tvaéfatherand
maintenance. This generalized model has reduced accuracy for any individual bridge. Statistical
modeling methods may also be unreliale riewer bridges built with current design standards

13



because there is little or no history of inspection data available for these bridge types. One example
is reinforced concrete (RC) bridgkecks that contain epoxy coategbar (ECR). The lack of
deterioation history on bridges with ECR means that any statistical model of detenaosetuld

need to béased on older bridge decks with uncoated rebar for which data is available.

Accurate mechanistic models would be a significant improvemenstaestical methods, due
to their ability to model physical deterioration at the individual bridge or element level as a function
of environmental and design parameters. They couldledssed as a supplement to statistical
methods, filling in gaps whemot enough empirical data is available. A variety of mechanistic
approaches currently exist as analytioeodels in research literatuiges well as commercial
software packages. The purpose of this report is to investigate the application of currelathjeavai

mechanistic deterioration models to CDOT bridge management and design practice.

In particular, this report focuses on models of reinforced concrete bridge deck cracking. This
deterioration mechanism has been the subject of extensive past resehishimportant for
management applications due to its immediate and severe effects on deck service life. Cracking,
both vertical (surface) and horizontal (delamination), affects the strength and serviceability of RC
decksthroughout the entire service lif®nce cracking has propagated through multiple sections
of a deck, repair options are limited and deck replacement is often necessary for a bridge to remain
in service. By applying mechanistic deterioration modeling techniques to RC decks, deterioration
may be predicted ahead of time, gm@ventivemaintenance may extend service life and avert
costly repairs in | ate years of the bridgeods

1.2 Objectives

The ultimate goal of this research is to provide wayspply mechanistic models tbe
management of existingridgesand design of new bridges in Colorado. To move towards this

goal, this report addresses the following objectives:

1) Investigate deterioratioomechanisms thaare most useful in predicting bridge
condition.
2) Locate and update mechanistic models for important deterioration mechanisms to

reflect modern bridge design practices.
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3) Ildentify limitations in available models and data that limit the applicability of
mechanistic deterioration models, and make recommiendaabout future research
and data collection to enhance the applicability of mechanistic models to bridge
management.

4) Demonstrate how mechanistic models can include the effect of environmental
conditions, designparameters,and maintenance actions in g@iging bridge
performance.

5) Suggest ways that analytical models may be used in the future to improve new designs

or developpreventivemaintenance schemes through lifecycle cost analysis.

1.3 Research Approach

In order to achieve these objectives, selverasting analytical modelgvhich represent the
individual stages of deterioration ofinforced concrete bridge decks are combined, and then
modified to reflect current design practices such as epoxy coated rebar, waterproofing membranes,
and asphalt weang surfaces. Interactive effects between decks and joints are also considered to
demonstrate the ability of mechanistic models to predict deterioration of multiple elements
simultaneously. Then the effects of maintenance actions on model carpexsinined. Finally,
model application is discussednd the types of data necessary to implement the model are
highlighted. If these objectives are met, an improved understanding of bridge deterioration will aid
in predicting condition states of bridge elenseahd assist bridge managers in making informed

decisions about maintenance strategies.

1.4 Report Organization

This report is arranged to demonstrate how the project objectives can be achieved through
specific application of the process outlined in Sectid3. Chapter 2 presents a literature review
of current deterioration modeling techniques and their limitations. Service life factors are identified
and their influence on the deterioration models is discussed. Chapter 3 presents a proposed
assemblage afxisting localized deterioration moddlsd e n o t -end d @ ®rsbéidge decks.
Based orthe assembled baseline mgdehapter 4 presentaodifications made to the model to
reflect modern bridge desigimncluding protective systems anithe interactive déct of joint
deterioration on a specified failure mode in RC decks. Chapter 5 discusses the influence of

maintenance actions on the modified deterioration models in Chapter 4 and timing of maintenance.
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Chapter 6 presents the modified deterioration mot¢he global deck level and results of a
probabilistic approach to mechanistic modeling. Chaptaetiséusses model application and
disparities between inspection ratings and model outputs. Finally, a project summary, conclusion,

and recommendation for furiregarch are presented in Chapter 8
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2. LITERATURE REVIEW

2.1 Introduction

Current bridge asset management is centered on the dynamic between inspection, maintenance,
and available funds. Often, available funds do not aflawpreventivemaintenanceand tius
inspection is conducted to identify the extent of deteriorat® a result,maintenance is
performed to correct serious issues identifi e
the most effective way to preserve assets, ancetaddat predict deterioration in advance could

be used by bridge managers to more efficiently allocate resources.

In considering the application of mechanistic models to bridge management, this report focuses
specifically on reinforced concrete briddecks because they are very common elements, they
often deteriorate at a more rapid pace than other elements, and there are existing deterioration
models in the literature relevant to reinforced concrete. This review begins with a discussion of
current brdge inspection and maintenance practidteen coversexisting literature regarding
deterioration modeling of bridge decks. Inspection plays an important role in statistical
deterioration modelsince its results are used as inputs to various statistetabufs of predicting
deterioration. Inspection results are also useful for validating the effectiveness and accuracy of
physicsbased mechanistic models. Maintenance is conducted as a result of low inspectian ratings

it also contributes towards a lotgym understanding of bridge deterioration.

2.2 Bridge Inspection

Although bridge inspection is conducted at the state level, the nationwide Federal Highway
Administration(FHWA) maintains inspection consistency throughout the United States through
implemenation of the National Bridge Inspection Standards (NBIS). State departments of
transportation are required to submit the basic results of their inspections to the National Bridge
Inventory (NBI). The NBI uses a numerical scale to represent bridge cortidioranges from 0
to 9, where a rating of 9 represents a brand
a bridge in fAfailedo condition (FHWA 1995) . E
during visual inspection, and report ratnigpr the three primary elements (deck, superstructure,
and substructure) to their department of transportation and the FHWA. For purposes of bridge

asset management, state departments of transportation (DOTs) will often divide bridges into
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smaller elemestand record ratings for items such as girders, joints, etc. using a system such as
the Commonly Recognized Structural Elements created by AASHTO (AASHTO 1994). Ratings
for these smaller bridge elements can then be mapped to the NBlstalsteria fo rating each
element is not always consistent among rating systénisis one example of subjectivity present

in the current inspection rating system.

Bridge inspectors have multiple resources available to them for conducting inspections, such
as the Bridge I nspectordos Reference Manual (2
limited quantitative support for determining ratings, especially fepactionmethods thatre
entirely visual. Ultimately, decisions made about the rating of a bridge element during inspection
are left to the discretion of the individual inspector. Phares et al. (2004) investigated variability in
inspection ratings by comaping inspection results from 49 state DOT inspectors on one group of
seven bridges. In general, there was significant variation in assigned bridge element ratings among
inspectors, as demonstrated in FigdreThis subjectivity is difficult to overcome imisual

inspection with limited tools available for measuring bridge condition.
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Primary Component

Deck Superstructure Substructure
Reference 4 4 4
Average 4.9 4.2 4.3
Standard Deviation 0.94 0.77 0.76
cov 0.19 0.18 0.18
Minimum 2 2 3
Maximum 7 6 6
Mode 5 4 4
N 48 49 49
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Figure 1. Variability in inspection ratings for primary bridge elements (Phares et al. 2004)

Another limitation of visual inspection is the inability to see imminent yet inactive deterioration.
Visual examination of a deck may not provide enough insight into developing corrosion or other
interior damage if surface cracking has not already beganvidual techniques such as chain
drag can identify active deterioration, but do not give good estimations of when future deterioration

wi || occur . Thi

with imminent but mactive deterioration are often neglected. Thus, maintenance is typically

s system often

ends

t sel

reactive rather thapreventive As a result, maintenance funds may be used inefficiently.

NBIS mandated inspections are most often conducted on a biannual basis, with some

exceptims. This system allows for insight into bridge condition at each interval, but tells little

about the condition of the bridge between inspectionslitdahally, Washer et al. (20)4oted
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that biannual inspection is simple for bridge administrators, lsiticts bridge managers from
allocating inspection resourceffi@ently. Washer et al. (2034roposed a new system for bridge
inspection thatises reliability to dictate inspection timing and thoroughness. Mlittbility-based
inspection, more thoroughttention would be given to bridges with higher risk of deterioration
and failure. However, irregular inspection intervals would make it more difficult to use current
statistical methods to predict deterioration. Mechanistic deterioration modglserbéter able to

accommodate inspection data with varying frequency.

Additionally, inspection data contributes little towards understanding which deterioration
mechanisms are causiognditionstateratings to change (Washer et al. 2014 the mechanisms
affecting deterioration are not well understood through inspection, maintenance cannot be
conducted efficiently to combat these mechanisms in the future. Additional limitations of

inspection data and its applicability to deterioration modeling are discusSedtiorn?2.4.

2.3 Bridge Maintenance

The purpose of bridge maintenance is to extend service life by repairing or replacing damaged
bridge elements. Inspection ratings and reports dictate the timing and extent to which bridge
managers allocate mainteramesources. Yehia et al. (200&ted several importarfiactors that

influence maintenance decisions:

1. Nature, extent, and severity of the defect

2. Effect of the repair method on bridge service life

3. Extent to which the repair process will disrupt traffic flow
4

. Availability of funds

Yehia et al. (200Balso categorized bridge deck repair methods in two ways: by depth of damage
and by presence or absence of a waterproofing mechanism. The latter categorization assigned
maintenance actions as either protectiveoorprotective repairs, where protective repairs provide

the deck with some form of waterproofing intended to delay deterioration mechanisms dependent

on water.

Optimization of bridge maintenance using statistical deterioration modeling has been
previously studied and applied as a means to assist bridge managers with maintenance decisions.

Robelin and Madanat (2007) used bridge histories to optimize maintenaeckdrea Markovian
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deterioration model (see Sectiod)Xor a single facility, but noted that further research is needed

to optimize maintenance at the system level. Frangopol et al. (2001) discussed the benefits of
transitioning bridge management fronrr@nt statistical approaches to a reliabiligsed system.
Rather than allocating maintenance to bridges with high probability of a condition state change,
changes in reliability dictate resource allocation. Neves et al. (2006) utilizedabpdttive
optimization to combine condition state, safety, and cost when considering maintenance types and
timing. In this manner, maintenance decisions are not driven by a single factor. Work is still
necessary to demonstrate how these detailed analytical apmcacihd be applied to real bridges

with limited available data.

Huang et al. (2004) used probabilistic analysis to compare estimated service lives of bridge
deck treatments subject to early;time, and late maintenance. In general, the estimated service
life of a deck treatment increased if early maintenance was conducted, and decreased or stayed the
same with ortime and/or late maintenance. For maintenance of a deck with an asphaltic concrete
(AC) overlay and waterproofing membrane, the estimated sdifeancreased when maintenance
was conducted earlier than is typical. Since conducting effective andfiosnt maintenance is
a primary objective of bridge management, bridge deterioration modeling should be accurate and
informative enough to suppothese decisions. Deterioration models should also be capable of
factoring in effects of maintenance before and after repairs have been conducted. In this manner,
effective maintenance can be proactively applied to bridge decks.

2.4 Statistical Modeling

In current bridge management practice, many DOTs employ probdiaktyd statistical
models to predict bridge element deterioration. These models are popular because they are
relatively cheap and do not require an understanding of the complex mechadetistioration
behavior of a particular element (in this casénforced concrete elements). Visual inspection of
existing bridges allocatesonditionstateratings to individual elements, from which transition
probabilities to lower condition states cha estimated. A common stochastic approach is the
Markov chain model, which has seen application in various software packages including
PONTIS/AASHTOWare AASHTO 2016) and BRIDGIT (NCHRP 1996)Equation 1
demonstratethe matrix format of a Markov chain.
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In Equation1CS i s defined as the condition state. 1
and 5 represents an el ement in Aalarmingo con:

any number of condition states, rather than just five. Roelfstra et al.)(200dd that the

coefficients of matrix jacan be represented in two ways:

1. As the percentage of an element that changed fromistatstate] after one inspection
period, or
2. The probability of a unit quantity of an element to pass from conditionigtatondition

statej after one inspection period.

Although the Markov chain model is simple and efficient at the network level, several
limitations of the approach are highlighted by Agrawal et al. (2010):

1 Assumption of discrete transition time intervatgnstant bridge population, and
stationary transition probabilities.

1 Assumption of duration independence, which ignores the effects of facility condition
history in predicting future states.

1 Inability of transition probabilities to predict a condition tetancrease, which is
unrealistic, especially in the event of bridge maintenance.

1 Inability to efficiently consider the interactive effects between deterioration
mechanisms of different bridge elements, such as the interaction between deteriorating

joints and the surrounding deck area.

The impact of constant state duration in the Markov model was investigated by Morcous (2006).
Because transition probabilities are calculated for a constant period, inspection records should
reflect this time period to be ao@ate. However, inspections from the data used by Morcous (2006)

were noted to occur every 2.85 years on average, with a standard deviation of 0.787 years. Because

22



the inspection intervals varied, the assumption of constant duration was violated (M@@6us 2
Roelfstra et al. (2004) compared Markov chain models to numerical simulations of corrosion
damage. They noted that a lack of inspection data for the worst and sem@tdondition states

can lead to unreliability in the predictions made by Markmims. Since bridge elements are often
fixed before reaching states close to failure, this unreliability is difficult to overcome without
jeopardizing safety. However, Markov chains provide an easier solution to optimization of bridge

preservation actionshen compared to numerical simulation.

Agrawal et al. (2010) proposed an alternative statistical approach to deterioration modeling
using the Weibull distribution. The Weibull distribution is designed to consider duration
dependence characteristics wheweadeping transition probabilitie¥Vhile more conservative, the
Weibull approach appeared to perform closer to actual condition ratings than the Markov chains

approach.

Although purely stochastic deterioration modeling is cheap and somewhat effici@et on t
network level, it does a poor job of representing deterioration at the project level, and a worse
job of representing deterioration at the element level. The benefits of mechanistic modeling

become apparent when discussing the deterioration of britlgdecal scale.

2.5 Mechanistic Modeling

As an alternative to purely statistical models, which use previous observations of service life to
predict future condition, mechanistic models offer the potential of a more accurate and precise
solution that may ® able to overcome some of the shortcomings of statistical models listed above.
Urs et al. (2015) defined mechanistic modelthase thaprovide prediction of service life based
on mathematical descriptions of the phenomenon involved in concrete degradation, such as
understanding microstructure of concrete before and during degradation. Although concrete is
used as an example here, mecs@ammodels could theoretically be applied to each element of any
bridge type, if the deterioration mechanisms affecting those elements are described

mathematically.

Before mechanistic models can be developed, the underlying causes of deterioratioa must b
identified. In RC bridge decks, concrete cracking is the primary result of deterioration. Cracking

may occur as a result of many deterioration mechanisms. Early sources of cracking include plastic

23



settlement, plastic and drying shrinkage, and thermalatisment. Later throughout the service

life, sources of cracking transition to freeze/thaw, corrosion, and-alggtegate reactions (TRB
2006). Although many mechanisms may act at once, most causes of cracking occur within the first
few months or yearsf service life. To make lorterm projections of bridge condition, it may be
more beneficial to study deterioration that occurs throughout the life of the bridge as opposed to
just those thabccur very early onRebar corrosion is an example of a detation mode that

affects the condition of RC decks throughout

Mechanistic models of RC deterioration exist both in the literature as mathematical solutions
to deterioration phenomena, as well as in commercial softwareldleaib bridge managers. Hu
et al. (2013) provided a comprehensive review of three commercial software packages:
STADIUM, Life-365, and CONCLIFE. Each of these is designed to predict deterioration of
concrete structures, bthiey use different approachesdeven consider separate mechanisms.
While STADIUM and Life365 are focused on chlorideduced corrosion, CONCLIFE seeks to
predict damage from sulfate attack and frewav cycles. Advantages and limitations of the
commercial models are described by étal. (2013).

Analytical models also exist in the literature for predicting deterioration of RC decks. Models
exist for predicting freezthaw damage (Bazant et al. 1988) and carbonation damage (Isgor and
Razagpur 2004) as well as creep and shrinkageafBaet al. 1995). However, most analytical
models focus on one or more stages of steel reinforcement corrosion and its damage to surrounding

concrete. This deterioration mechanism is explored in detail in S&cidh

25.1 Service Life Factors

To undestand the complex mechanisms causing bridge deck deterioration, a comprehensive
analysis of the underlying factors affecting service life should be conducted. Then, factors with
the greatest impact can be used as inputs for mechanistic models. Theserfagtioe categorized
as environmental or physical. Environmental factors may include humidity, temperature, and other
weather conditions that affect durability of concrete. Physical factors may include the design
parameters of the concrete and reinforceamaich as the wateement ratio and rebar diameter.
Kim and Yoon (2010) investigated a variety of bridge factors and their association with
deterioration for bridges in cold regions. These factors are listedinTableBy appl yi ng Pe
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correlationto each combination of factors, it was determined that age, traffic volume, and presence
of water were most strongly correlated with structural deficiency. Age is a factor that can be
considered in mechanistic models through the use otdependent varldes. Traffic volume,

while not a physical parameter of the bridge itself, may be considered by applying its effect on one
or more bridge parameters. For example, high traffic volumes could reduce the effectiveness of
protective overlays. In this mannéagctors that are known to increase the rate of deterioredion

be included in mathematical models. Finally, water presence can be included as an input to many
mechanistic models, especially thadeat consider corrosion to be the primary deterioration
medanism. A complete list of factors included in the proposed mechanistic model is included in
Chapter 3.

Table 1. Service life factors affecting bridge condition (Kim and Yoon 2010)

Factor Variable Description Data source
Physical Design load Design load NBI, Item 31
Number of spans Number of spans in main unit NBIL, Item 45
Width Deck width NBL Item 52
Year built Year built NBL Item 27
ADT Average daily traffic NEL Item 29
Truck ADT Average daily truck traffic NBL ltiem 109
Replacement Replacement, widening, and rehabilitation of bridge NBIL, Item 75
Replaced length Length of structure improvement NEL Item 76
Deck status Deck condition ratings NEL ltems 58
Material Concrete Concrete bridge NBL Item 43A
Preconcrete Prestressed concrete bridge NBIL, ltem 43A
Steel Steel bridge NBIL ltem 43A
Structural system Slab Slab bridge NBEL Item 43B
Girder/beam Girder bridge NEI, Item 43B
Truss Truss bridge NBIL Item 43B
Environment/weather Precipitation Annual mean precipitation in inches (1971-2000) NDSCO*
Snow fall Average mean annual snowfall (1930-1960) USGS®
Below 32 Annual number of days 32°F or below (1961-1990) USGS®
Above 90 Annual number of days 90°F or above (1961-1990) UsGs"
Average temperature Average temperature (1961-1990) UsGs®
Over waler Bridge over walerway NBIL, ltem 42
Service Highway Bridge service on highway NBIL, Item 42
Railroad Bridge service on railroad NBIL, Item 42
Toll Toll bridge NBL Item 20
Average farm size Average farm size of census track where bridge locates Census Bureau
Population Population of census track where bridge locates Census Bureau

*North Dakota State Climate Office.

"Northern Prairie Wildlife Research Center.
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2.5.2 Chlorideinduced Corrosion Modeling

Corrosion in RC bridge decks is a commonly observed deterioration mechanism that represents
roughly 15 percent of concrete deterioration, a higher fraction than any other single mechanism
affecting durability (Basheer et al. 1996). Due to its prevalenceriorete deterioration, chloride
induced corrosion is a popular subject of mechanistic modeling. Corrosion of reinforcement and
subsequent expansion of rust products induces expansive hoop stresses on the surrounding
concrete, producing vertical crackiggurface cracking) and horizontal cracking (delamination).
These cracks can cause significant reduction in bridge safety due to loss of strength, as well as
reduction in serviceability due to driver discomfort. A basic diagram oktbarcorrosion process
is shown in Figur@. Chlorides from décing and anticing salts are necessary to depassivate the
steel rebar, and water and oxygen are required to sustain the corrosion reaction and develop rust

products.

CORROSION DETERIORATION

H,0 H,0
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H,O

XXX

CATHODE

Figure 2. Micro-corrosion process on epoxycoated steel rebar

Many corrosion models consider deterioration in three stages. The first is corrosion initiation,
which includes the time taken for chlorides to infiltrate the concrete surface and reach the depth of
steel reinforcement.file second stage is crack initiation, where corrosion products (rust) build up
on the surface of the steel rebar and exert pressure on the surrounding concrete until cracking
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begins. The final stage is crack propagation, wherein sustained pressure frormdusts widens
the existing crack(s) until the surrounding concrete is no longer serviceable. A graphic of this

process is presented in Figle

1.0
Rebar Diameter (t)
Original Bar Diameter
Crack Width (t)
E Allowable Crack Width
£
=
o
@]
Rust Pressure (t)
Cracking Pressure
0 Time T1: Time to T2: Timeto  T3: Time to
Corrosion Crack Failure (Max
Initiation Initiation Crack Width)

Figure 3. Stages of corrosioninduced concrete cracking in bridge decks

A landmark study conducted by Land Weyers (1998) has served as the basis for many
corrosiondamagebased models. The study used experimental results to predict the rate of
corrosion of reinforcing steel as a function of temperature, ohmic resistance of concrete, chloride
content, and the since corrosion initiation. dafas and Burgoyne (200L1presented a
mathematical model for predicting pressure build up due to corrosion and ultimately the time for
concrete cover failure. These smiodels were both implemented in a comprehensie-to-
failure model proposed by Hu et al. (2013). This comprehensive model serves as a useful starting
point for the implementation of mechanistic models in bridge asset managénaéedgram of a

single rebar experiencing corrosiesndisplayed in Figuwe4 (Hu et al. 2013).
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Figure 4. Stages of corrosioninduced cracking on steel rebar (Hu et al. 2013)

Each stage of the tirrte-failure model is governed by a separate mathematical model, which each
require a set of physical and environmental inputs.vfere of each sumodel and their inputs is

presented in the following sections.

2.5.2.1 Chloride Diffusion and Concentration

In the first stage, chloride ions from-@#ng salts infiltrate the concrete surface and diffuse to
the level of rebar. The purpesf modeling chloride diffusion is to determine the time for surface
chlorides to reach the depth of rebar and
computationally convenient way to model the diffusion process. However, it is only a linear
approximation and assumes homogeneity of the concrete (Hu et al. 2013). The diffusion
coefficient, which governs the rate of chloride ingress for a given material, has been shown to be

time dependent (Song et al. 2009). The coefficient can be estimatedhkeowlc ratio of the

concrete miXx. To address some simplification

developed a finite element transport model for chlomdgess thatonsiders the heterogeneous
properties of concrete. The Arrhenius equation usesl to determine the diffusion coefficient as

a function of temperature and thermal properties of concrete. Djerbi et al. (2008) compared the
effect of concrete type, specifically ordinary and high performance concretes, on the diffusion
coefficient. Itwas noted that the diffusion coefficient for ordinary concrete was, on average, 2.44
times that of high performanceoncrete, indicating faster chloride infiltration for ordinary

concrete.
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Luping and Gulikers (2007) studied the accuracy of the simplffiedl ut i on t o Fi c k.
law and possible errors in predicting chloride diffusion. Despite its simple nature, the original
mathematical model was found to predict chloride ingress fairly well fortinmg diffusion, with
some error leaning on the consative side. However, it was noted that chloride ingress was

significantly underestimated in concrete with fly ash.

The solution to Fickdés second | aw consider
measured in kg/fas a primary input. Hu et al. (2048pvided a comprehensive review of typical
surface chloride concentrations and their probabilistic distributions used in previous modeling
attempts. The mearpncentratiorvalues ranged between 2.85 kd/and 4.56 kg/mfy and were
most often described bydaormal distributions. Kassir and Ghosn (2002) examined the surface
chloride concentration as a function of bridge age. Although the initial surface chloride
concentration of a newly constructed deck was zero, the surface content increased exponentially
within the first 510 years of service life before stabilizing. As shown in Figyrthe surface
concentration leveled off at approximatelylbg./yd® (4.15 kg/ni) after 15 years, which is in
agreement with the typical values presented by Hu et al. (2013). However, many mechanistic

deterioration models assume a constant, nonzero surface concentration, even for new decks.

Surface chloride concentration may not resegily be considered constant after 15 years. If no
maintenance is performed, the surface chloride concentration will be expected to increase more
linearly as deicing salts are applied each year. The effect of -amfumm increase in surface
chloride cacentration and the effect of maintenance on the concentration should be considered in

order to represent actual bridge conditions.

Once a certain chloride concentration is reached at the rebar surface, corrosion will initiate. The
concentration requirea tcause initiation is referred to as the chloride threshold level. Similar to
the surface chloride concentration, the chloride threshold level haslebatedn the literature.
Hu et al. (2013) conducted a review of threshold chloride levels obsertld iiterature. The
mean concentration ranged from 0.4 k§jim5.5 kg/ni with coefficients of variation between 0.1
and 0.2. Each observed concentration was described probabilistically by a normal, lognormal, or
uniform distribution In their predictive radel, Hu et al. (2013) used 1.2 kg/as the chloride
threshold for black steel rebar. Ann and Song (2007) conducted an extensive study on the accuracy

of different representations of chloride threshold concentration. The accuracy of the chloride
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thresholdlevel was found to be dependent on whether the value was expressed as a mole ratio,
free chloride, or total chloride. Total chlorides by percent weight of cement yielded the narrowest

range of threshold levels wheonmpared to molecular ratios.
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Figure 5. Chloride concentration at the concrete surface (Kassir and Ghosn 2002)

2.5.2.2 Crack Initiation and Propagation

After the chloride threshold is reached, the corrosion process will begin and rust will
accumulate at the rebar surface. Rust produdigh are less dense than plain steghand and
exert pressure on the surrounding concrete. The magnitude of pressure is governed by the rate of

corrosion. Hu et al. (2013) noted that the rate of corrosion can be determined empirically from
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experimentatata or mathematically from electrochemical principles. Corrosion may exist in RC

decks in micrecells or macrecells, as shown in Figui@
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Figure 6. Micro- and macro-cell corrosion processes in rebar mesh in concrete

A relationship between rate of cosion and pressure builtp can be estimated from the
mechanical properties of steel, rust, and concrete. A linear relationship between corrosion rate and
loss of rebar diameter was proposed by Andrade et al. (1098 ét @l. §2013) summarized the
process for determining pressure exerted on surrounding concrete. First, a free expansion phase
occurs, wherein rust accumulates in the pores adjacent to the rebar. These pores are accounted for
by the inclusion of an oxide layer, often assumed to be iratige of 16100 um. Then, a uniform
pressure is applied to the surrounding concrete from theekg@nsion strain and an average

stiffness of the corroded system. The average stiffness is estimated using the volumetric fraction

of steel and rust.

Once thecalculated pressure exceeds the cracking pressure of concrete, cracks will initiate. The
crack propagation phase can be modeled as -@liomnsional problem of cracks to the concrete
suface (Balafas and Burgoyne 2Q1dr to the edge of a concrete celh@ and Leung 2015).
However, crack propagation is likely to occur in two or three dimensions, as cracks may propagate
at an angle, causing spalls. The finite element model proposed by Pan and Wang (2011) used

fracture mechanics to predict cracking in tdicections as cracks propagate away from the rebar
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surface. Surface crack width and delamination can then be used to estimate the condition of a

bridge.

2.5.3 Considerations for New Models

Corrosioninduced cracking models in the literature often aim &t cracking for a simple
scenario of bare concrete with unprotected steel rebar and no protective deck overlays. This
scenario is rarely observed in newer bridge decks. In modern bridge construction practice, decks
often contain epoxgoated rebar (ECRand other forms of corrosion and moisture protection,
such as deck sealers and waterproofing membranes. Asphaltic or concrete overlays are also often
applied to protect the sealers and membranes and increase cover. These factors are often
unaccounted fom current mechanistic deterioration models, which can make modeling efforts
inapplicable or highly inaccurate for newer decks. In addition to using environmental factors and
concrete properties as inputs, mechanistic models should be able to repraisesbimditions for

bridges with current design standards.

For the purpose of demonstration, a common bridge design used by the Colorado Department
of Transportation (CDOT) can be examined for suitabifitynechanistic modeling-actors that
do not appeain many current tim¢o-failure models such as ECR, naniform corrosion, joint

deterioration, and protective membranes/overtagseviewed in the following sections.

2.5.3.1 Epoxy Coated Rebar

Epoxy coatings we developed in the early 197@s combat significant corrosion damage
observed in bridge decks constructed inli60s and earlier (Manning 199€oatings delay the
onset of corrosion by providing a barrier between moisture, chlorides, and steel reinforcement.
However, their effectigness has been debated, siheecoatingcan be significantly affected by

damage during construction and adhesion loss from water infiltration.

Experimental studies have suggested that ECR can extend bridge deck service life by anywhere
from 5 to 40 or rore years (Hu et al. 2013, Fanous and Wu 2005). This wide range of estimated
service lives lends to the idea that the effectiveness of ECR varies significantly under different
conditions. Epoxy coatings may impact various inputs of mechanistic modelsjadigptne
chloride threshold level and rate of corrosikalleret al. (201%conducted experiments on epoxy

coated rebaspecimens thatuggested that the coating may increase the chloride threshold level
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from 0.6% by cement weight for black steel t8%.for ECR. Fanous and Wu (2005) noted that
corrosion became noticeable epoxy-coatedrebar at a threshold of approximately 4.56 k{/m
which is significantly higher than many values observed for black steel. Once corrosion has
initiated, the rate of consion may also be differefrom that of black steel. However, whether the
rate of corrosion is greater or less than black steel is delxaBteret al. (201% suggested that

the limited available corrosion sites in ECR makes propagation slow, whilies gtu et al. 2013)

suggest that a higher threshold chloride concentration accelerates corrosion once it begins.

One complicating factor for mechanistic modeling of ECR is the presence of coating defects.
Xi et al. (2004) noted that the number of def@ata deck has significant influence on the
performance of ECR. Defects may negate the corrasiabiting properties of the coating by
providing anodic and cathodic sites for corrosion and prompting adhesion loss. ASTM Standard
A775/A775M (ASTM 2016) linits the number of allowable defects in rebar to no more than one
per foot. A study conducted by Sohanghpurwala and Scannell (1998) examined the condition of
epoxycoated reinforcement in existing bridge decks in Pennsylvania and New York. A total of
240 caes from 80 bridge deck spans were analyzed, and the results of the analysis are shown in
Tables2 and3. The average length of rebar in each core was specified as 3.7 iithesgh
none of the bridge decks in this studgsolder than 19 years, the extted cells provide insight
into the expected number of defects within a bridge deck. Most of the defects on epoxy coating
are likely to have occurred during installation of the deck, with the remaining defects occurring

during the service life of the lolge due to deterioration.

Table 2. Age and deck ratings of 80 bridge$Adapted from Sohanghpurwala and Scannell

1998)
N Min. Max. Avg. Median Std. Dev.
Age, years 80 3 19 10 10 4
Deck Rating 79 6 7 7 7 1.1

33



Table 3. Epoxy coating defects irconcrete coregSohanghpurwala and Scannell 1998)

N Min. Max. Avg. Median Std.

Dev.

No. Mashed Areas 473 0 20 2.1 2.0 2.2

No. Bare Areas 473 0 21 2.4 2.0 2.6

No. Holidays 473 0 156 7.7 3.0 15.8

Coating Thickness, mils 473 2.4 21.9 11.2 11.1 2.8

Pencil Hardness 473 6 (3B) 10 (F) | 9.0 (HB)| 9.0 (HB) 0.18

Corrosion Condition 473 1 4 1.1 1.0 04
Rating

Adhesion Rating 473 1 5 2.2 2.0 1.4

In mechanistic modeling,edlects can be considered as sites of accelerated corrosion, either by

applying a lower chloride threshold levellwy increasing the rate of corrosion at the site of the

defect. The size of the defezdnalso be considered, since larger defects provides racea for

corrosion. Although the corrosion density (rate of corrosion per area) does not change, the larger

area will increase the corrosion current and accelerate corrosion daftefder et al. (205)

accounted for anode and cathode sizes in a corroate model for ECR.

In addition to initial coating defects, disbondment of the epoxy coating may also occur during

the service life of a bridge deck. In this event, the entire disbonded area may act as a site for

corrosion, increasing the rate of caian and likelihood for cracking at that location. Brown

(2002) conducted a comprehensive review of adhesion loss studies, and noted thatriong

exposure to moisture (not chlorides) causes loss of adhesion between the bar and epoxy coating.
(1998)

Virginia might only sustain adhesion to rebar for 15 or fewer years. In this case, adhesion loss
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occurred before the chloride threshold level was reached. If adhesion faimedncorrosion may

be prevented indefinitely. In current mechanistic modeling efforts, the timing and degree of

adhesion loss for ECR is often neglected, despite its impact on corrosion damage. A proposed

adhesion loss model is thus presented in Ch&pter
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2.5.3.2 Nonuniform Corrosion

More recent development of mechanistic deterioration modeling has considered corrosion
geometry at the bar level. Uniform corrosion assumes that the steel rebar corrodes evenly around
the circumference of the bar, and shuniform pressure is exerted on the surrounding concrete.
However, noruniform corrosion is also common in natural environments (Cao and Cheung 2014).
Non-uniform corrosion is likely to exist in conjunction with epoxy coating defects, since rust
productsmay accumulate at the location of the defect, and not necessarily around the entire rebar
surface area. In mechanistic models, -norform cracking pressure can be implemented to

represent more realistic conditions of deterioration.

The degree of neanifor m corr osi on can be represented by
corrosion geometries and their associated shape factors are shown irvKigung 2010).
Pitting corrosion, which has a severely agriform geometry, indicates that both the anode and
cathode may be inside the defect #mak theelectrons do not travel far to create a current. As

such, corrosion occurs very rapidly.

OOk

Uniform corrosion ]'||1[[ﬂ:72- COMOsInn

Figure 7. Uniform and non-uniform corrosion geometry on steel rebar (Jang 2010)

Jang et al. (2010) used finite elemerddeling to simulate the effect of namiform and pitting
corrosion on concrete cracking pressur e. Pres
to be at little as 40% of the pressure required for cracking in a uniform case. Therefore, if non
uniform corrosion is not considered, mechanistic models may significantly overestimate service

life. G a v ét #l.42013) also presented cracking pressures feuniform corrosion using a two
dimensional lattice study. One example of cracking pressuresviera cover depths and rebar

orientations is shown in FiguB Cracking pressures for high shape factors were approximately
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25% of those for uniform corrosion. Measurements on the graphic represent the crack widths

immediately following cracknitiation.
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Figure 8. Concrete cracking pressure for various shape factor&(a v et pl.2013)

2.5.3.3 Protective Systems

Data from the 2015 NBI recoriddicates that over 65% of national highway bridges have a
wearing surface other than concrete (FHWA 2015). Akghoverlays account for over 30% of
surfaces alone. In Colorado, asphaltic overlays are the dominant wearing surface, representing
over 50% of highway bridges. Asphaltic overlays share some similar properties with the base
concrete, but should not be deled as concrete in the interest of an accurate mechanistic model.
Specifically, asphalt may not share the same chloride diffusion properties as concrete. In addition,
water may not permeate an asphalt cover in the same manner as concrete. This sepacitof

cover material is often neglected in current deterioration modeling.

Diffusion of chlorides in asphalt has not been thoroughly researched, despite the fact that

chlorides are often applied directly to the asphalt surface and must diffuse through the asphalt
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before reaching the base concrete. In theory, the principlesloftFe s econd | aw coul

to asphalt in the same manner as concrete, but with a separate diffusion coefficient.

Additional protective layers are regularly applied to bridge decks, such as waterproofing
membranes and sealers. These layers, whichexiayin the form of preformed sheets or spray
on liquids, aid in preventing moisture and chlorides from penetrating the base concrete and inciting
corrosion. They may be applied at the time of deck constructipneasntivelayers, or later in
the deck ervice life to slow the rate of damage. Krauss et al. (2009) investigated the popularity of
various overlays, membranes, and sealers on highway bridges. Asphaltic overlays without an
underlying waterproofing membrane were found to be uncommon becausk eapheap sait
laden water in the deck and promote corrosion. Additionally, waterproofing membranes without
overlays are uncommon because a wearing surface is not available to protect the membrane from
damage. A lack of field research on the effectivenet membranes and sealers was also
highlighted. Safiuddin and Soudki (2011) showed that limited studies have been conducted to
examine the physical and chemical effects ofailey salts when applied to protected concrete.
The waterproofing and chloridesistant properties of membranes and sealers should be further

investigated in order to be applied to mechanistic deterioration models.

2.5.3.4 Joints

In documentation of bridge inspections, deck joints are considered to be a separate bridge
element from decks, and the interactive effects of joint deterioration on deck deterioration are not
reflected by existing mechanistic models. Pincheira et al.5)2@Yestigated active corrosion in
bridge decks and found that corrosion most often coincided with proximity to joints and cracked
or delaminated areas. Haléll potential readingsvhich indicate the likelihood of corrosipwere
taken at various locatns along a bridge in Minnesota, and the results are shown in Bidsites
with low half-cell potentials have much higher likelihood for active corrosidimough cracking
near joints may not necessarily be caused by corrosion, these cracks proessefacchlorides

and moisture to exposed rebar, accelerating the corrosion process. As a result, corrosion damage
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near joints can become a circular issue. Deterioration of joints can have a direct impact on inputs

of deck deterioration models, such asshdace cloride contentand crack width.
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Figure 9. Half-cell potential readings of a bridge deck in Minnesota (Pincheira et al. 2015)

Caicedo et al. (2011) conducted a study on the effectiveness of various joint types and their
degradation. In gendrgoint deterioration was best described as a linear process. However, the
study only considered inspection results in forming a deterioration model, and did not analyze the
physical mechanisms affecting deterioration. In order to create a more aceatateterioration

model, the interactive effects of joint deterioration should be included, even at the most basic level.

2.5.3.5 Maintenance Implementation

Investigation of the effects of maintenance on mechanistic deterioration models has been
limited. Morcous et al. (2010) highlighted the benefits of mechanistic models for optimizing
maintenance timing. After bridge condition is estimated using predictive modeling, cost analysis

can be conducted for several maintenance alternatives. However, applafatitaintenance
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actions to mechanistic models can be difficult to validate due to a lack of detailed maintenance
histories, as highlighted by Morcous (2006).

If mechanisms affecting deck deterioration are well understood, maintenance actions can be
directly reflected by changes in deterioration mofigictions andnputs. For examplepower
washinga deck surface could reduce the surface chloride concentration. Milling and replacing the
top layer of concrete or asphalt could reset the surface chloridentaim® to zero. When a
deteriorated joint is replaced, the likelihood for corrosion would become uniform again for the
entire deck. In this manner, the effects of different maintenance strategies on bridge condition can
be predicted throughout the bridggrvice life. Further investigation of maintenance strategies and
their effects on mechanistic models would be valuable for asset management.

2.6 Discussion

Bridge deck deterioration modeling has been explored in two categories. Purely statistical
models, such as the Markov chains method, are currently the preferred bridge management
technique for many state departments of transportation due to their relatpleeity and ease of
application at the network level. Mechanistic models, which mathematically describe the physical
processes causing deterioration, are limited in use due to the complex nature of each mechanism
and their interactive effects. Howeverechanistic models have several advantages over statistical
models, including accuracy at the project level and ability to predict deterioration at any time.
Prediction results are not limited to constdntation inspection intervals, and rely less heamil
subjective inspection results. Existing models are capable of describing deterioration for simple
scenarios, but are inadequate for modern bridge design standards, and do a poor job of including

the effect of maintenance.

While statistical models aprely probabilistic, it should be noted that mechanistic models are
not necessarily deterministic. Mechanistic models may still benefit from the use of probabilistic
inputs, due to the inherent random nature of deterioration. Morcous et al. (201Ghabtgebridge
management system that integrates probabilistic deterioration models with relisdmiés
mechanistic models presents a balanced solution. If a baseline model with constant inputs is
developed at the local level, the impact of probabilisgouts can be applied at the global scale
through Monte Carlo simulatio(MCS) or other statistical approaches. Then, the impact of

maintenance actions on a probabilistic deterioration model may be investigated. The following
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chapters aim to implement ghstrategy. In Chapter 3, a localized corrosion cell model is proposed
by combining submodels from the literature to represent each phase of deterioration. In Chapter
4, the effects of protective systems and joint deterioration are considered. In Ghajppigous
maintenance actions are applied to the cell deterioration model and their effects on cell service life
are evaluated. In Chapter 6, deterministic input variables are replattegrabability density
functions andhe localized corrosion mode applied to an entire deck. Finally, in Chapter 7,

model application througbonditionstatemapping is discussed.
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3. BASELINE DETERIORATION MODEL

3.1 Overview and PrototypeCell

The baseline model presented in this chapter aims to predietdifagure d a single section
of reinforced concrete, denotea fi ¢ e Idueoto chloride induced corrosion, considering
environmental conditions representative of Color&ddhe local level, reinforced concrete deck
deterioration due to corrosion consiststoiee stages. In this work, each stage is modeled using
one or more analytical models from the literature. The goal of the seledtadodels is to
estimate the time for corrosion initiation, the time for cracking initiation, and the time for cracking
to extend to the surface of the concrete or a significant horizontal distance. These times are labeled
as T1, T2, and T3, respectively. This method seeks to build and expand upon the techniques used
by Hu et al. (2013). The primary additions are to include-urdform and pitting corrosion
mechanisms, which are common deterioration modes found in bridges constructed with ECR.
Table4 compares the methodology of the presented model and that of Hu et al. (2013).

Table 4. Submodel selection for corrosion anctrack width modeling

Model Stage Selected Analytical Models
Hu at al. (2013) Present Model
T1. Time to corrosion M Fickds secol|f Fickds seco
initiation diffusion diffusion

1 Proposed loss of epoxy
adhesion model

T2. Time to cracking 1 Rate of uniform corrosior]  Rate of uniform corrosior
initiation (Liu and Weyers 1998) (Liu and Weyers 1998)
1 Thick walled cylinder 1 Rate of noruniform
model (Balafas and corrosion Keller et al.
Burgoyne 201} 2015)

I Cracking pressure mode
( Gavi j a3, Jarg et

al. 2010)
T3. Time to cell failure 1 Linear crack width model  Linear crack width model
from exposure testing (H from finite element
et al. 2013) modeling (Chen and

Leung 2014)

The chloride diffusion and rate of uniform corrosion are prediggaug the same stinodels.

However, investigation of neaniform corrosion mechanisms dictated that different models be
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used to represent the corrosion process, as discussed in Chapter 2. The details of these sub models
are presented in subsequent sectignflowchart summarizing the basic steps of the complete
model is shown in Figur#0. As described subsequently, each bridge deck is divided into small
sectiors referred to as cells, and the model is run to predict the performance of each cell. To
deternine if the cell experiences namiform or uniform corrosion, an input is available for
whether or not a defect exists in the epoxy coating. If a defect is present, the model will conduct
only thoseanalyses thadre applicable to neaniform corrosion mdtanisms. Alternatively, if no

defect is present, the model will analyze the cell according to uniform corrosion mechanisms.

To act as a starting point and reference for comparison of baseline model parameters and inputs,
a prototype deck cell representing typical design for a CDOT highway bridge (from the CDOT
Bridge Rating Manual 2011 and associated memorandums) is preserfagliie11l. For the
baseline model, only the top transverse layer of rebar is considered due to its proximity to the
concrete surface and applied surface chloriDesign parameteifer this prototype celare used
throughout tle chapter where resultge presented, unless otherwise specified. In the present
chapter, a baseline model is created using deterministic input variables, which will predict
deterioration of the prototype cell. Model stages are described in Section 3.2, and inputs and
predictiors are presented in Section 3.3. Modifications to the cell which reflect current design
practices and maintenance are addressed in Chapters 4 and 5, and the prototype cells are combined
for a full-deck analysis in Chapter 6.
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Initialize model starting at deaonstruction: time = 0. Iterate through mod
inputs for stages T1, T2, and T3efarepresents chloride concentration at

depth of rebar.

v

T1: Corrosion initiation | IS Gebar>Cin ? YFS
Primary Inputs : : ¥
Co: surface chloride content Is epoxy
Cin: threshold chloride content NO coating
c: concrete cover thickness < disbonded?
w/c: watercement ratio NO
X YES
T1
T2: Rate of corrosion and )
cracking pressure Concrgte Densny rat.e of
Primary Inputs : resi st corrosion, dorr
Az area of anode
Ac. area of cathode Crackin
Dyp: initial rebar diameter > acking " ISP >R ?
U ratio of nonuniform to pressure, &
uniform corrosion )
NO YFES
T2
T3: Linearcrack growth | Surface
Primary Inputs : | crack width | L= |5 crack width
cwa allowable crack width greater than
orientation of crack: lateral or Lateral CWL?
surface | crack width
« NO YES
Concrete failure [ T3

Figure 10. Model process for predicting concrete failure
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Clear Cover: 50.8 mm (2 in.)

Rebar Diameter: 15.9 mm (0.625 1n.)
with thin epoxy coating

Concrete Strength: 31.0 MPa (4.5 ksi)
Concrete w/c ratio: 0.43

<« Cell Width: equivalent to  »
rebar spacing

Figure 11. Prototype concrete deck cell with transversrebar

3.2 Model Stages

3.2.1 Time to Corrosion Initiation (T1)

The time to corrosion initiation is commonly predicted as the time it takes for the concentration
of chloride ions at the | evel of thewdeybar to
considered as the basis for modeling the diffusion of chloride ions in concrete (Andrade 1993,
Thomas and Bamforth 1999), and is presented in Equatetow:
To 10
0

o T ‘

where C is the chloride concentration at depth x and time t, and D is the chddfiggon
coefficient. Solving Huation2 yields the following:

6ad 6 p AOA— o
cOo
where G is the surface chloride concentration. This -dimeensional solution alles for
estimation of the chloride concentration at the rebar level at any point in time, if the depth of cover

and chloride diffusion coefficient are known.
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The chloride diffusion coefficient in concrete, D, can be taken as constant eddpaalent.
Thomas and Bamforth (199%roposed a timeependent relationship for determining the
coefficient:

o}
(@) 0O z — T
(¢}

where Dgis the diffusion coefficient at t = 28 days, amds a constant. g3 andmwere selected

by Thomas and Bamforth éisose thabest fit experimental data for concrete without fly ash or
slag, resulting in values of 8 (nf/s) and 0.1, respectively. Song et al. (2009) presented two
equations for estimating the diffusion coefficient as a functionwaf D

— DM o Qmi i v

0 v
O 10z 5 VMO omQM®I i (0}
where im is 30 years and [k is an empirical function of the wateement ratio of concrete:
0O pm?d ¥ X

These equations predict that the diffustoefficient decays over the first 30 years of deck service

life due to cement hydration (Song et al. 2009), then remains constant.

In a cell with a defect, evegpoxy-coatedrebar is always exposed at the location of the defect.
Therefore, when the chlal level reaches the threshold, aoriform corrosion will initiate. In a
cell without a defect, corrosion will not initiate while the epoxy coating is still intact. The adhesion
of the coating depends on the availability of moisture. Therefore, ifdittt® water infiltrates the
deck, corrosion will not initiate even if chloride levels at the rebar are well above the threshold
level. When moisture is present, the epoxy coating will gradually be lost allowing corrosion to

begin.
3.2.1.1 Adhesion

To predct the degree of adhesion between the rebar and epoxy coating, a new adhesion model
is proposed. This model attempts to estimate the adhesion of the coating as a function of time and
relative humidity. Similar to the way that corrosion will initiate afteaching a threshold,
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di sbondment will occur after reaching an dadh
adhesion scale of 1 to 5, where 1 is a completely intact bond and 5 is complete loss of bond, and
found that disbondment will begin to pregs rapidly at a 3 rating until all adhesion is lost at a

rating of 5. For the present model, it is assumed that corrosion will initiate when an adhesion rating

of 5 is reached, indicating total adhesion loss between the rebar and coating. Howevéoncorros

will likely initiate before this limit is achieved.

Geenen (1991) indicated that wet adhesion loss between rebar and its epoxy coating will initiate
and progress nonlinearly when the relative humidity of the environment exceeds approximately
48%. Afer about 60% relative humidity, the bond strength will decrease approximately linearly
with an increase in humidity. To determine the relationship between time and adhesion loss, a
1996 field study of epoxy coatings in Virginia bridge decks referencegHlyP ( 1 998) i s us
starting point. The author noted that epoxy coatings maintained adhesion to rebar for about 15
years in bridge decks subjected to an average relative humidity of about 80%. For an average
relative humidity in Colorado of about 52%lheesion can thus be expected for roughly 19.5 years
if the assumed linear relationship from Geenen (1991) is applied. From this estimation, a
relationship between daily average humidity and loss of adhesion can be defined for humidity over
48%, and is prented in Figurd 2. This relationship is based off the estimation that for an average
daily relative humidity of 52%, 100% cumulative adhesion loss will occur after 19.5 years.
Although this model does not consider temperature at the rebar level, asénicréeamperature
is known to negatively affect the degree of adhesion. This aspect of disbondment should be

investigated in future modeling efforts.
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Figure 12. Loss of epoxy coating adhesion due émvironmental relative humidity

Once the chlorideoncentration at the rebar level reaches the threshold, corrosion will begin if
rebar is exposed (adhesion has been lost). The time taken for both of these conditions to be met is
labeled T1.

3.2.1.2 Surface Chloride Concentration

In the baseline modeadurface chloride concentration begins at zero and increases exponentially
to 3.5 kg/n? during the firstl5 yearsasdictated bythe median value from the literature review.
As the bridge ages, the amount of chlorides on the deck will continue to increbseiag salts
are applied cyclically. The model assumes the surface concentration increases linearly at the rate
of 0.045 kg/m per year, such that after 100 years, the maxiraurfaceconcentration found in
the literature ofibout8.0 kg/m® would be realeed. This rate assumes no cleaning or removal of

chlorides.

3.2.1.3 Chloride Threshold Level

From the literature, a chloride threshold level which represents the minimum density of
chlorides needed to initiation corrosion is selected as 1.2%kg/hich isan intermediate value
representing normal conditions. This number is constant for cells with and without defects, since
corrosion only exists at exposed rebar. Once the chloride level at the depth of the rebar reaches the

chloride threshold and adhesioastbeen logiif epoxy is present corrosion will initiate.
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3.2.2 Time to Concrete Cracking (T2)

Two rate of corrosion models are used to represent the rate density of corrosionunifoom
and uniform cases. First, the electrical resistance ofctimerete is calculated. The concrete
resistance is a function of relative humidity and is independent of the type of corrosion. Then, the
rate of corrosion can be calculated based upon whether the corrosion is uniforrauorfaon.
The rate of corrosioteads to a corresponding loss of rebar caEsgional area, and a resulting
pressure due to rust builgh on the surrounding concrete. The time required for the rust pressure
to exceed the cracking pressure of the concrete is labeled T2.

3.2.2.1 Concret®esistance

Concrete resistance is a property of the concrete that is dependent on relative humidity,
according to the experimental relationship dedinby Balafas and Burgoyne (20Q1ivhere

resistance is measured in ohms:
Y wBoxQ® p A@® uvump Q P

It is important to note that the relative humidity is an environmental factor, and may not necessarily
represent the water available in concrete to cause corrosion, especially if moisture protection is
applied to the concrete. This concept is ergdl in further detail in Chaptdr For the baseline

model, however, relative humidity and concrete resistance are assumed to be related by Equation
8.

3.2.2.2 Rate of Corrosion

The rate of rebar corrosion in concrete is dependent on the corrosion edfoetuniform

corrosion, an empirical relationship defined by Liu and Weyers (1998) is selected:

. . OTOoT ‘
0 MWnNEAIP X ™ p Y Ip®H @6 — T TT TT P21V, cwuo ® W

where iorr is the corrosion densityneasured in A/ C isthe free chloride content (kgAn T is

the temperature at the rebar surface (K), and t is the time since corrosion initiation (T1).

For norruniform geometries, especially at defects in epoxy coatings, the rate of corrosion may
not be represented by thanse empirical function as uniform corrosion. The shape of corrosion,

especially pitting, should be considered. The area of the defect(s) is also a significant factor in the
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rate of corrosion, which is not represented by Equaioo accommodate theseffdrences, a

rate of corrosion model for namiform corrosion proposed li¥el3leret al. (2015) is selected:

. O
N L P

0 ) Q

where Lo is the corrosion current measured in ampsaAd Ac are the anode and cathode areas

in m?, respectively, ancdbpandpcar e t he anode and catpEoide tlesidr
potential [V], and kis the cell factor in meters. Unlike the rate of corrosion model for the uniform

case, this modal ses concr et o calcaladei cortosiom cutrgnt, rather than using
concrete resistance {Ry to calculate corrosion density. However, by calculating the concrete
resistance from Equatid®) and by using the cell factog,kconcrete resistity of the bar can be

estimated as:
" QY pp

The cell factor is dependent upon the size of the corroding anode as well as the ratio of cathode
and anode areas. Figui@ shows the relationship between the anode and cathode sizes and
correponding cell factor, from the numerical results reportedbggleret al. (2015)Once the
corrosion current is known, the corrosion density is calculated by dividing the current by the area
of the defect. Thus, the corrosion density can be calculated for uniform amshifam cases and
directly compared.
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Figure 13. Cell factors as a function of anode and cathode arelég3ler et al. 2015)

3.2.2.3 Concrete Pressure

To calculate the relationship between rate of corrosion and internal pressure created by the
buildup of corrosion products, the model®wija et al. (2013) is adopted in the present work. A

linear relationship between rate of corrosion and loss of rebar diameter is defined as:
0O O mrc¢a Yo p o

where DOy is the reduced bar diameter (nmyiDs t he ori gi nal bar di ame

time since T1, in years. The volume of consumed steel is then:
o, T8LCQo. .o
Yw T 0"Q Yo pT

w h e rVeis nggasured in mffmm. The reduced diameter of the bar is:
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